ABSTRACT Intracellular calcium release channels like ryanodine receptors (RyRs) 
INTRODUCTION

Intracellular Ca
21 signaling is associated with many cellular phenomena. The Ca 21 signals are generated either by Ca 21 entry through the surface membrane or by Ca 21 release from intracellular Ca 21 stores like the sarcoplasmic reticulum (SR) or endoplasmic reticulum. Surface membrane Ca 21 entry is mediated by the L-type calcium channel and/or its homologs (e.g., T-, N-, and P/Q-type calcium channels), while Ca 21 entry from intracellular stores is generally mediated by either ryanodine receptor (RyR) or inositol trisphosphate receptors (IP 3 R) channels.
The RyR and IP 3 R channels share significant homology (1,2), but have little homology with the L-type channel (with the possible exception of their selectivity filters (3) (4) (5) (6) (7) ). Their single-channel permeation properties reflect this dichotomy: the RyR and IP 3 R channels have high conductance and low (millimolar) Ca 21 affinity (8) (9) (10) (11) while the L-type channel has relatively low conductance and high (micromolar) Ca 21 affinity (12, 13) . In this article, we show that the high conductance and low Ca 21 affinity of the intracellular calcium channels make them ideal for their physiological role of conducting a large Ca 21 flux over a long time (.5 ms). Our test case here is the RyR channel of striated muscles.
The RyR channel of striated muscle is found in the SR membrane and can mediate large SR Ca 21 release events lasting .10 ms. Such long release events would not be possible if only Ca 21 moved across the SR membrane; the rapid movement solely of Ca 21 would quickly bring the SR membrane potential to the Ca 21 Nernst potential (E Ca , the Ca 21 equilibrium potential), stopping Ca 21 release. Some other ion species like K 1 , Mg 21 , or Cl À must provide a countercurrent to prevent the SR membrane potential from coming close to E Ca .
The need for countercurrent in Ca 21 release-known for many years (14-20)-can be illustrated using an equivalent circuit model of a patch of membrane that contains conduction pathways for two ion species (e.g., K
1 and Ca 21 ). These pathways could be either two separate channels or through the same channel (Fig. 1 A) . At steady state (with conduction pathways open), the net ionic current is 0 and the membrane voltage is (see Eq. 4)
where g j and E j are the conductance and Nernst potential, respectively, of ion species j. Thus, if there is no K 1 current (g K ¼ 0), the Ca 21 current will stop because the membrane potential V becomes the Ca 21 Nernst potential (E Ca ¼ À118 mV, assuming normal resting physiological ion concentrations). On the other hand, if other ions (K 1 in this example) can cross the membrane (assuming equal K 1 concentrations on both sides of the membrane), then any change in the membrane potential generated by the Ca 21 current will drive K 1 in the opposite direction. This countercurrent attenuates the Ca 21 -driven change in the membrane potential and will ultimately clamp potential at some value away from E Ca (Eq. 1). At this potential, there will be a constant driving force for Ca 21 release. The predicted time course of the membrane potential change in each of these cases is shown in Fig. 1 B. How this affects the unit Ca 21 current is shown in Fig. 1 C. Equivalent circuit modeling and interpretations like this were presented decades ago (14) .
How the SR membrane potential may be affected or generated by Ca 21 (23) (24) (25) (26) (27) (28) . However, the disagreement between these studies has made it difficult to access particular models describing SR membrane potential changes that may be caused by (or generated by) Ca 21 release. In a now classic work, Somlyo et al. (29) used electron-probe x-ray analysis to monitor total intra-SR ion concentrations before and after Ca 21 release. They provided compelling evidence against the existence of a large and/or sustained SR membrane potential change, but the possibility of small transient changes in SR membrane potential during Ca 21 release remains. Many groups have also attempted to identify the required countercurrent and the channel that mediates it. The SR K 1 channel has been perhaps most often considered the SR countercurrent pathway (16, 26, (30) (31) (32) (33) (34) (45, 46) . The model has reproduced all the known permeation and selectivity data wildtype and mutant RyR channels. It has predicted previously unknown permeability attributes that were later verified experimentally (45, 46) .
In this article, we use this model (46) 
THEORY AND METHODS
Equivalent circuits
In our analysis, we consider two variants of the same equivalent circuit ( Fig.  1 A, and see Fig. 3 A) . The membrane is always modeled as a capacitor with capacitance C.
In one circuit ( Fig. 1 A) , two ion species cross the membrane, each with a linear current/voltage relation
where i j , g j , and E j are the current, conductance, and Nernst potential of species j, respectively, and V is the applied voltage. The ions could be moving through two separate channels or through the same channel. This circuit was used to illustrate the need for countercurrent in the Introduction. Such a simple equivalent circuit is not, however, a reasonable description of RyR permeability. Specifically, the RyR permeation model (see below) shows that Eq. 2 is not true for Ca 21 under physiological conditions; the Ca 21 current through RyR is very nonlinear (approximately exponential) for applied voltages between the SR membrane potential (normally ;0 mV) and the Ca 21 Nernst potential (;À118 mV). However, the net conductance through RyR (due to all the ion species) is nearly linear around the reversal potential V rev under physiological conditions (Fig. 2 A) . Therefore, we model (see circuit in Fig. 3 A) net RyR conductance (not the individual ion conductances) as a single resistor with its conductance g RyR calculated using the RyR permeation model.
For both circuits, the net unitary current i ¼ + j i j and membrane potential V at time t is the solution of the equation
namely
where the time constant of the voltage and current change is
In all calculations, we assume a [Ca 21 ] cytosol of 0.1 mM and a membrane capacitance C of 0.01 pF, which approximately corresponds to a 1 mm 2 patch of membrane. This is similar to the experimental value of 0.013 pF/mm 2 quoted by Baylor et al. (28) .
Model of RyR permeation
We use a model of a single, open RyR pore to compute the net current, as well as the currents carried by each permeant ion species (46) . The ions are modeled as charged, hard spheres and their flux through the open pore is described by a combination of one-dimensional Poisson-Nernst-Planck theory and density functional theory of fluids (47, 48) (the PNP/DFT model):
where r j and m j are the concentration and electrochemical potential, respectively, of ion species j throughout the pore and baths. J j is the flux of ion species j and A(x) is the area of the equichemical potential surfaces that is estimated as previously described (49, 50) . The dielectric constant e of the system is 78.4. The value e 0 is the permittivity of free space, k is the Boltzmann constant, and T ¼ 298.15K is the temperature. The chemical potentials m j are described with DFT of electrolytes (51, 52) . The model of the pore includes the five conserved, charged amino acids found by Gao et al. (5), Wang et al. (6) , and Xu et al. (7) to significantly affect RyR selectivity and permeation. These amino acids are Asp-4899, Glu-4900, Asp-4938, Asp-4945, and Glu-4902 in the RyR1 numbering scheme (53 (Fig. 2 A) . These single RyR channel data were collected with standard methods described elsewhere (55) . Note the close correspondence of the experimental results (squares) and theoretical prediction (line). We also compared the model to previously published experimental results reported by Kettlun et al. (55) in Fig. 2 B (symbols) . The solid line in Fig. 2 theory comparisons and many other published ones (45, 46) show that the model can accurately compute the net current, but also-and most importantly for this article-the contributions of each permeable ion species to that net current (see Figs. 5 and 6) . Details of the model have been described previously (46) .
RESULTS AND DISCUSSION
RyR opening can change local SR membrane potential quickly
To study the time course of local membrane potential due to the opening of a single RyR, we consider a 1 mm 2 patch of SR membrane (C ¼ 0.01 pF). In the equivalent circuit shown in Fig. 3 A, the SR membrane potential is Eq. 4,
with time constant t ¼ C/g RyR where g RyR is the net conductance of RyR at the reversal potential V rev (Eq. 6). Our experiments show (Fig. 2 A) that g RyR ¼ 197 pS gives a time constant t of 51 ms. With this time constant, the SR membrane potential and unit Ca 21 current reach 95% of their eventual steady-state values in ;150 ms. This is illustrated in Fig. 3 , B and C. This time constant is likely an upper limit because a smaller patch of SR membrane or a 1 mm 2 patch with more RyR channels would decrease t by decreasing C or increasing g RyR , respectively. This implies that that RyR opening (by itself) will clamp the SR membrane potential to a steady-state value in much less than a millisecond (;150 ms). At steady state (t . 0.5 ms), the SR membrane potential becomes the single-channel reversal potential V rev (Eq. 9). Here, we compute V rev with the model (46), but experimentally measured V rev could be used as well. V rev -and consequently SR membrane potential-depends on the ionic composition of the cytosol and SR lumen. In the cytosol, the normal physiological divalent concentrations are believed to be 1 mM Mg 21 There are, albeit indirect, measurements of the SR membrane potential (e.g., (14, 28) ). These studies generally have applied a model to convert an optical signal into a predicted SR potential change. Vergara et al. (14) and Baylor et al. (28) used an equivalent circuit model similar to the one we apply here. Both computed that a stationary SR membrane potential is achieved when there is zero net current flowing across the membrane-which is our conclusion as well (Eq. 5). However, they predicted that there is a large SR potential and we predict a small one (À2 mV). The difference in these predictions is generated by the assumptions used to describe ion permeation and selectivity. For example, Vergara et al. (14) described-very reasonable at the time-that SR Ca 21 currents were Ohmic (i.e., linear). As described above, the RyRmediated Ca 21 current is highly nonlinear between 0 mV and E Ca , and the linear assumption resulted in Ca 21 current being severely overestimated. Baylor et al. (28) , on the other hand, used a Goldman-Hodgkin-Katz model to model individual ion currents. Because their study was performed before RyR permeation properties were characterized, they reasonably assumed that the Ca 21 current was conducted by a highly Ca 21 selective channel; the smallest Ca 21 /K 1 permeability ratio they considered was 100. We now know that this value is near 7, and if that were used in their formulation, then they would have predicted an SR potential close to À2 mV.
RyR mediates a large countercurrent
The equivalent circuit model of the capacitive membrane (Fig. 3 A) indicates that the stationary net current through the membrane will be 0 (Eq. 5). If the RyR channel is the only channel present, then the membrane potential is V rev (Fig. 4 ) and the net current through the RyR channel will be 0. Since there is a large Ca 21 driving force (E Ca À V rev ¼ À118 À (À2) ¼ À116 mV), there will be a substantial Ca 21 efflux. To have zero net current, there must be an equal countercurrent of other permeable cations, K 1 and Mg 21 . This is illustrated in Fig. 5 where the individual ion currents around the predicted V rev (Fig. 4) for choline were equally effective. This is likely explained by slow choline permeation through open RyR channels (68) and occlusion of the pore. Our own pilot measurements of unit Ca 21 current in the presence and absence of choline are consistent with this notion (data not shown).
Possible role of other SR channels
If RyR is not the only channel providing countercurrent, then the stationary SR membrane potential is (by Eq. 4)
where g cc and V cc are the other countercurrent channel's conductance and reversal potential, respectively. For both K 1 and Cl À , V cc is 0. The SR membrane potential V with another countercurrent channel present will be a fraction of V rev . Because V rev is already close to zero (;À2 mV; Fig. 4 ) with only the RyR present, the contribution of another countercurrent channel is limited to 2 mV. For example, if g cc ¼ g RyR ¼ ;200 pS, then the presence of g cc would change SR membrane potential from À1.9 mV to ;À1 mV. Even with a large countercurrent carried by another channel, there would still be significant and sufficient RyR auto- 21 ] lum ¼ 1 mM. For each x-axis concentration, the reversal potential is calculated and each ionic species current at that potential is shown. The reversal potential was used because equivalent circuit analysis indicates that this is the stationary SR membrane potential (Eq. 4). The ionic concentrations and applied potential are very close to the conditions of Fig. 2 B, 
CONCLUSION
We propose that open RyR channels carry their own counterion flux. This follows directly from the equivalent circuit analysis which demonstrates that the stationary SR membrane potential must be between the RyR reversal potential and zero (Eq. 10 for V cc ¼ 0). Since the experimentally defined V rev is already very close to zero (46) (see also Figs. 2 A and 4), significant autocountercurrent is inevitable given the poor selectivity of the RyR channel. This general result is independent of the PNP/DFT permeation model used here. Indeed, in many ways the model used here simply plays a pedagogical role by enabling the decomposition of the current into species components (Figs. 5 and 6 ).
We showed that SR membrane potential will change to E Ca in ,1 ms in the absence of countercurrent. Thus, any SR Ca 21 release event lasting .1 ms requires a counterion flux be present. This includes SR Ca 21 release observed in cells during prolonged voltage-clamp depolarizations which last .10 ms. It very likely includes the release underlying spontaneous Ca 21 sparks which have rise times lasting .5 ms. It may even include the very fast and brief Ca 21 release events stimulated by an action potential in mammalian skeletal muscle (rise times ;1 ms). In fact, autocountercurrent may be essential to nearly any RyR-mediated SR Ca 21 release observed in a cell.
Since IP 3 R and RyR channels have homologous pores and permeation characteristics, we predict this may also be true for IP 3 R-mediated Ca 21 release as well. We would also predict that mutations in or near the RyR (and IP 3 R) selectivity filter could be pathogenic if they alter the autocountercurrent process. In wild-type channels, we predict that the early rate of rise of Ca 21 transients and sparks should depend nonlinearly on ion composition and concentrations.
Lastly, it is possible that TRIC, K 1 , or Cl À channels may contribute countercurrent during SR Ca 21 release, but their contribution is relatively small and perhaps not necessary. However, these other ion channels likely carry the required counterion flux during the SR Ca 21 uptake process.
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